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In both research and industrial settings spin coating is extensively used to prepare highly uniform
thin polymer films. However, under certain conditions, spin coating results in films with non-
uniform surface morphologies. Although the spin coating process has been extensively studied, the
origin of these morphologies is not fully understood and the formation of non-uniform spincast films
remains a practical problem. Here we report on experiments demonstrating that the formation
of surface instabilities during spin coating is dependent on temperature. Our results suggest that
non-uniform spincast films form as a result of the Marangoni effect, which describes flow due to
surface tension gradients. We find that both the wavelength and amplitude of the pattern increase
with temperature. Finally, and most important from a practical viewpoint, the non-uniformities in
the film thickness can be entirely avoided simply by lowering the spin coating temperature.
INTRODUCTION
Spincoating is a widely used technique for the produc-
tion of uniform thin films and has a diverse range of in-
dustrial applications including biomedical coatings, mi-
croelectronics, and solar cell technology [1–3]. The tech-
nique involves a small amount of polymer dissolved in a
volatile solvent. This solution is deposited onto a flat sub-
strate which is then rapidly spun (or which was already
spinning) causing most of the solution to be ejected from
the substrate. The remaining solvent evaporates leav-
ing behind a polymer film with thicknesses typically on
the order of nanometres to microns. In many circum-
stances spincoating produces highly uniform films, how-
ever under certain conditions the process results in films
with non-uniform surface morphologies, such as the one
shown in fig. 1. Because of its prevalence as a prepara-
tion technique, the spincoating process has been widely
studied and much effort has gone into characterizing the
factors that give rise to such morphologies [4–12]. Al-
though much is known about the spincoating of films,
the formation of non-uniform spincast films remains a
practical problem in both industrial settings and research
laboratories.
One of the first successful theoretical models of spin-
coating was developed by Emslie et al. [13] who solved
the equations of motion for a non-volatile Newtonian
fluid on a rotating disk, by equating centrifugal and vis-
cous forces. Although this model captures the fundamen-
tal physics of spincoating, the process is usually far more
complicated. In practice, films are typically spincast from
polymer solutions, meaning surface tension effects, shear
thinning and elasticity must be considered, for example.
Furthermore, as spinning proceeds, the properties of the
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FIG. 1. Optical microscopy images of the typical ‘flowering
morphology’ observed in our experiments. In (a), the centre
of the image corresponds to the axis of rotation of the spin-
coater, which we refer to as the ‘spinning centre’. Near the
spinning centre, the pattern is isotropic and has a well defined
wavelength. (b), (c) Farther from the spinning centre, the
morphology turns to striations in the film, which point radi-
ally outward from the spinning centre. In the images the vari-
ation in intensity results from the interference of light, thus
reporting on variations in height. Images are taken from a
polystyrene film (Mw = 183 kg/mol) spin-cast from a toluene
solution at T = 35◦C.
solution change due to solvent evaporation.
Later models incorporated some of these effects. In
[14], Flack et al., proposed a model which includes
the non-Newtonian properties of the solution as well as
changes in the solution viscosity due to solvent evapora-
tion. This model breaks the spincoating process into two
stages, the first controlled by viscous radial flow of the
solution and the second dominated by solvent evapora-
tion. One major success of this model is its prediction
of the experimentally observed dependence of film thick-
ness on spin speed. Later work [15–18] further investi-
gated the effects of solvent evaporation on the properties
of spin-cast films. In [16, 17] the authors suggest that the
concentration of solvent in the film is constant except in
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2a boundary region adjacent to the solution/air interface
which is thin compared to the thickness of the solution.
For the cases of both slow and rapid solvent evaporation,
it is found that the final thickness of the spin-cast film
depends on the thickness of the boundary layer.
Bornside et al. proposed a similar model [18] which
incorporates variations in viscosity and diffusivity across
the thickness of the film. It was found that under certain
conditions, a region of low solvent concentration devel-
ops at the free surface. Since this surface layer has a
high viscosity and low diffusivity, it behaves like a ‘solid
skin’ which retards solvent evaporation. The authors pro-
pose that if solvent evaporation is rapid enough, the solid
skin will develop while there is still flow in the liquid be-
low, leading to hydrodynamic instabilities. This, in turn,
causes inhomogeneities in the film. Such morphologies
have been observed in the literature, [6–10, 19–21] leading
to many further studies on the formation of instabilities
during spincoating [11, 22–25]. In particular, de Gennes
proposed a model to describe the formation of a solid skin
or ‘crust’ which includes an estimate for the minimum
film thickness required to form the crust [4, 5]. In [4] de
Gennes argues that upon drying the crust is under me-
chanical tension and can rupture leading to film thickness
variations. Some authors have argued against crust for-
mation, instead suggesting the formation of non-uniform
films is driven by the Marangoni effect [6, 10, 12, 26].
To date, the problem remains unsolved and due to the
complexity of the spincoating process, efforts to combat
the formation of non-uniform films are largely empirically
based.
Experimentally, the spincoating process has been ex-
tensively studied. It is well known that the properties
of a spin-cast film depend on numerous factors includ-
ing spin speed, solution concentration, solution viscosity
and vapour pressure [1, 19, 27]. More recent literature
highlighting the complexity of the process has shown that
spincoating may also affect fundamental material prop-
erties of the film such as the entanglement network and
viscosity [28–32]. Despite significant advancements in the
understanding of spincoating, it remains an outstanding
goal to control the morphology of thin polymer films.
One well studied case is that of phase separation in spin-
cast polymer blends [33, 34]. In addition to characteriz-
ing how the morphology depends on factors such as poly-
mer concentration and spin speed [35–38], more complex
effects have been investigated, including confinement [39]
and the patterning of substrates [40]. Pattern formation
in spin-cast diblock-copolymer films has also received sig-
nificant attention [41, 42]. Furthermore, many authors
have studied the morphology of films spin-cast from com-
plex solutions such as colloidal suspensions and sol-gels
[6, 43–45].
Here, we are primarily focused on the simple and
common case of spincoating a thin film from a poly-
styrene/toluene solution. As mentioned above, non-
uniformities are typically attributed to either the forma-
tion of a crust or the Marangoni effect. In the case of
a Marangoni process, gradients in surface tension drive
the formation of convection cells, which ultimately lead
to variations in the film thickness. Surface tension gradi-
ents may arise due to gradients in temperature or concen-
tration. In either case, once the surface tension gradient
has been established, solution begins to flow from the
region of low surface tension, toward the area of high
surface tension. As liquid flows away from the low sur-
face tension regions, fluid must come in to take its place.
Under certain conditions, this effect is amplified and con-
vection cells form. The Marangoni effect has been used
to explain pattern formation in spin-cast films and in
films formed through the drying of a polymer solution
[10, 12, 20, 21, 26, 46].
The details of the Marangoni effect have been known
for years [23, 24, 47–51] but to date there are few ex-
perimental techniques to combat the formation of non-
uniform spin-cast films. In [18] it was suggested that
saturating the environment above the solution/air inter-
face with solvent may help to prevent the development of
instabilities. Although this technique is routinely used in
research laboratories, the setup can be cumbersome and
its success depends on the particular polymer/solvent
combination. Other authors have proposed that by ap-
propriately mixing solvents, instabilities can be avoided
[7]. Though also practiced in laboratories, this approach
can be tedious and depends on many factors such as: the
molecular weight of the polymer, solvent solubilities and
ratios, and the tendency for phase separation during spin
coating of the multiphase solvent.
In this work we have systematically studied the effects
of temperature on the formation of non-uniformities in
spin-cast polymer films. We find that the dominant wave-
length and amplitude of the morphology is dependent on
the spinocating temperature. Our results are consistent
with a Marangoni process driving the non-uniform film
formation, as discussed below. From a practical perspec-
tive, we find that non-uniformities in the film thickness
can be avoided simply by decreasing the spin-coating tem-
perature.
EXPERIMENT
Samples were prepared using polystyrene (PS) with
nine different weight averaged molecular weights, 8.8 ≤
Mw ≤ 758.9 kg/mol, each with a polydispersity index
less than 1.10 (Polymer Source, Inc.). Experiments were
also performed using a symmetric diblock co-polymer,
poly(styrene-methyl methacrylate) (PS-PMMA) with a
total molecular weight of 211 kg/mol and a polydisper-
sity index of 1.13 (Polymer Source Inc.). Each poly-
mer was dissolved into toluene (Fisher Scientific, Optima
grade) in various weight fractions ranging from φ = 1.5
3to 4.5 wt%; in the following we use, e.g. 2.5 % to mean
2.5 percent by weight. Films were spincast onto clean
20 mm × 20 mm Si wafers (University Wafer) using a
spin speed of 4000 rpm. The resulting films ranged in
thickness from 100 to 200 nm.
Spincoating was performed using a simple setup which
allowed control of the spincoating temperature. Si wafers
were placed onto a large home made aluminum disk,
which we refer to as the spincoater chuck, and held in
place using small screws. With screws holding the sub-
strate onto the chuck good thermal contact is ensured.
The temperature of the chuck was adjusted by placing
it on either a heater or in a cooled environment. A
thermocouple embedded well within the chuck[? ] was
used to monitor the temperature, which ranged from
15 ≤ T ≤ 60 ◦C. Once the chuck reached the de-
sired temperature, it was transferred onto a commercial
spincoating apparatus (Headway Research Inc., Model
PWM32). Several drops of the polymer/toluene solution
were placed onto the wafer and the chuck was rotated
at 4000 rpm. Immediately prior to spinning, the chuck
temperature was recorded and the thermocouple was re-
moved from the chuck.
Since the substrate is in good thermal contact with
the chuck and the thermal mass of the solution is negli-
gible compared to the chuck/substrate, we assume that
the temperature of the solution is that of the chuck at
the start of spinning. To test this, a second thermo-
couple was used to probe the temperature of the solu-
tion immediately following its deposition onto the sub-
strate. The temperature difference between the chuck
and solution was less than 1◦C, which is within exper-
imental error. Having confirmed that the temperature
of the solution can be assumed to be that of the chuck,
for all subsequent experiments only the temperature of
the chuck at the start of spinning was recorded. We em-
phasize that spincoating was carried out under typical
spincoating conditions: at ambient temperature and in
air. Throughout this work the spincoating temperature
refers to the temperature of the spincoater chuck at the
onset of spinning.
In fig. 1 are shown optical microscopy (OM) images
of the typical ‘flowering morphology’ observed in our ex-
periments. The polymer-solvent combination of PS and
toluene typically results in uniform films at ambient con-
ditions. However, at the elevated spincoating chuck tem-
perature of 35◦C the ‘flowering morphology’ is observed.
The variations in the intensity of the greyscale OM image
result from the varying reflectivity of the thin transparent
film atop the reflective substrate. Thus, the variations in
the intensity are related to varying film thickness. Near
the centre of the film, the pattern is isotropic with a well
defined wavelength. Toward the edge of the film, this
pattern turns into radial variations in the film thickness.
To characterize this morphology, samples were imaged
using both OM and imaging ellipsometry (IE, Accurion,
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FIG. 2. (a) Imaging ellipsometry measurement of the topog-
raphy near the spinning centre of a PS-PMMA film spin-cast
from a φ = 3.5 % solution at room temperature, TRT = 22
◦C.
(b) Typical height profile of a film. The profile is an average
over the region contained in the black box shown in (a). The
amplitude (A), the average film thickness (h = 〈e(x)〉) as in-
dicated by the dashed line, and wavelength (λ) are defined in
the plot.
EP3). In this work we focus on the isotropic region near
the centre of film and investigate how the amplitude and
wavelength of this pattern change with temperature.
Amplitude: Fig. 2(a) shows a typical map of the to-
pography in the central region of the film as measured
with imaging ellipsometry. From images such as these
we are able extract a height profile of the film. In fig.
2(b) is shown an example of a height profile, where we
have defined h as average film thickness: h = 〈e(x)〉. The
amplitude (A) is defined as half the height difference be-
tween the maximal and minimal film thicknesses. The
wavelength (λ) is defined as the average distance over
which the pattern repeats. For all data shown below, the
reported amplitude is an average over multiple ellipsom-
etry measurements of at least 5 samples.
Wavelength: The wavelength was calculated using a
two-dimensional Fast Fourier Transform (FFT). The OM
image of the central region of the film was contrast en-
hanced prior to the FFT in order to increase the signal-
40 0.02 0.04 0.06 0.08 0.1
0
2
4
6
8
10
λ−1 (µm−1)
R
a
d
ia
l
In
te
n
si
ty
(a
rb
.
u
n
it
s)
FIG. 3. Radial intensity as a function of inverse wavelength
obtained from the FFT and contrast enhanced OM image
shown in the inset. The bright ring in the FFT, which corre-
sponds to the characteristic wavelength in the image appears
as a sharp peak in the radial intensity. The data are taken
from a PS(183k) film spin-cast from a solution with φ = 2.5 %
at T = 35◦C.
to-noise ratio. This process does not affect the charac-
teristic length scale of the flowering pattern, which is the
physical quantity of interest. The inset of fig. 3 shows a
typical optical image, after contrast enhancement along
with its FFT. The bright ring seen in the FFT corre-
sponds to the characteristic frequency in the image. By
plotting the radial average of the intensity as a function
of inverse wavelength, we are able to determine the wave-
length of the pattern. In fig. 3 is shown the plot of radial
intensity as a function of inverse wavelength which cor-
responds to the optical image and FFT shown the inset
of the figure. For all samples analyzed in our experi-
ments, there is a sharp peak in the radial intensity of the
FFT, resulting in a well defined wavelength. For all data
shown below, the reported wavelength represents the av-
erage value of measurements taken from 5 to 10 films.
RESULTS AND DISCUSSION
This section is divided into three parts. In sections
and we present the results of experiments performed
with spincoating temperatures above ambient tempera-
ture. We have systematically studied how both the wave-
length and amplitude of the flowering morphology change
with increasing spincoating temperature. We establish
that the formation of the flowering pattern is consistent
with a Marangoni driven process. Finally, in section
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FIG. 4. Measurements of the wavelength and average film
thickness as a function of spincoating temperature for films
spin-cast from a solution of PS(183k) with φ = 2.5 %. Each
data point represents an average of measurements taken from
many films and the distance from the top to bottom of an
error bar is one standard deviation. (a) Plot of wavelength
as a function of spincoating temperature with best fit line.
(b) Plot of average film thickness as a function of spincoating
temperature with best fit line. (c) Plot of wavelength as a
function of average film thickness, obtained from the data in
(a) and (b). The data is fit to a straight line forced through
the origin as predicted by the Marangoni instability (see text).
In Supplementary Material, fig. S1, we show that the slope
dλ/dh ≈ 0.5 is independent of the PS molecular weight for all
the PS studied here with φ = 2.5 %.
we discuss experiments performed with spincoating tem-
peratures below ambient temperature. We show that by
spincoating at cooler temperatures we are able to sup-
press the formation of non-uniform films.
Wavelength
In fig. 4 is shown the results of experiments for films
spin-cast from a solution of PS(183k) with φ = 2.5 % as
a function of the spincoating temperature, T . Fig. 4(a)
shows a plot of the wavelength as a function of spincoat-
ing temperature. In fig. 4(b) is shown the average film
thickness plotted as a function of the spincoating temper-
ature. We find that both the wavelength of the flowering
morphology and the average film thickness increase lin-
early with spincoating temperature. Combining the data
in figs. 4(a) and (b), we plot the wavelength as a function
of the average film thickness in fig. 4(c).
As mentioned in section , non-uniformities in spin-cast
polymer films are typically attributed to either the for-
mation of a crust at the free surface, or the Marangoni
5effect [4, 5, 10, 12]. For a Marangoni process it is pre-
dicted that the wavelength scales with the average film
thickness: λ ∝ h [24, 26, 49]. For the crust formation
mechanism there is no prediction of an emergent wave-
length [4, 5]. Since the data shown in fig. 4(c) is well
described by a straight line through the origin, we con-
clude that our wavelength data is consistent with the
predicted scaling for a Marangoni process [24, 26, 49].
Marangoni convection is driven by surface tension and
there are two clear mechanisms which can result in sur-
face tension gradients across the polymer solution. First,
since the solution is heated from below by the spincoater
chuck with evaporative cooling at the free interface, there
is a temperature gradient across the solution. If there is
any perturbation to the free surface, the region of so-
lution which is closer to the heated chuck will be hot-
ter than the fluid which has been pushed away from the
substrate. Since surface tension decreases with temper-
ature, the regions of interface which are closer to the
heated chuck will have a lower surface tension compared
to those farther from the chuck. Such a gradient in sur-
face tension can drive flow. High surface tension regions
pull fluid along the interface away from the areas of low
surface tension. As solution moves away from areas of
low surface tension, fluid from below flows to take its
place. Normally, this surface tension driven flow is me-
diated by viscosity and thermal diffusion and the liquid
flattens. However, under certain conditions, the flow in-
duced by surface tension gradients is amplified leading to
the formation of convection cells in the liquid. The bal-
ance between surface tension forces and dissipation due
to thermal diffusivity and viscosity is characterized by
the dimensionless Marangoni number,
M = − dγ
dT
h∆T
ηα
, (1)
where h is the thickness of the fluid, α the thermal diffu-
sivity and ∆T the temperature gradient across the fluid.
It has been shown that in order for a Marangoni insta-
bility to occur, M must exceed some critical value, Mc
[49, 52].
The second mechanism by which Marangoni convec-
tion cells can form is as a result of concentration gra-
dients induced by rapid solvent evaporation. Concen-
tration gradients along the free surface establish surface
tension gradients which drive the formation of convection
cells via the mechanism described above. Due to the com-
plexity of our system, we cannot determine whether the
Marangoni process is triggered by gradients in tempera-
ture or concentration and it may be the combination of
the two effects.
To summarize, for a Marangoni process the wave-
length is predicted to scale with the average film thick-
ness [24, 26, 49]. We find that the data shown in fig. 4(c)
is consistent with this prediction as shown by the fit line
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FIG. 5. Measurements of the amplitude as a function of
spincoating temperature for films spin-cast from a solution of
PS(183k) with φ = 2.5 %. Each data point represents an av-
erage of many measurements taken with IE and the distance
from the top to bottom of an error bar is the standard devia-
tion. The critical temperature Tc is defined by the intersection
of the best-fit straight line with the T axis, as indicated by
the vertical dashed line. As with dλ/dh, Tc is also indepen-
dent of molecular weight for a given concentration, as shown
in fig. S2. By contrast, fig. S3 shows that dA/dT is molecular
weight dependent and Tc is concentration dependent, fig. S4.
(forced through the origin). We note that the measure-
ments shown in fig. 4 (a) and (b) were repeated with
varying solution concentrations ranging from φ = 1.5 %
to φ = 4.5 % and for nine PS molecular weights ranging
from 8.8 kg/mol to 759 kg/mol (see Electronic Supple-
mentary Material, Table 1). In all cases, the same trend
exemplified in fig. 4 (a) and (b) was observed: the wave-
length and average film thickness increase linearly with
temperature.
Amplitude
In the previous section, we established that the for-
mation of the flowering morphology is consistent with a
Marangoni process. We now present the results of ex-
periments investigating the effect of temperature on the
amplitude of the flowering pattern. In fig. 5 is shown a
plot of the amplitude as a function of spincoating tem-
perature for films spincast from a φ = 2.5 % solution
of PS(183k). The data in fig. 5 shows that the ampli-
tude increases linearly with the spincoating temperature.
Furthermore, extrapolation of the data reveals that below
T ≈ 34◦C, the flowering morphology vanishes – an obser-
vation that is consistent with the fact that PS-toluene is
a common system with which uniform films are prepared
at ambient conditions. To explain this trend, we com-
pare with the results of recent studies on the formation
of non-uniformities in spin-cast polymer films. In work by
6Mu¨ller-Buschbaum et al. the morphology of films spin-
cast from various solvents was studied [7]. Qualitatively,
the patterns observed in [7] appear similar to those pre-
sented in this work. The authors found that the surface
roughness of the films increased with increasing vapour
pressure. Strawhecker et al. also studied morphologies
similar to the flowering patterns seen here and found that
the surface roughness increased as a function of vapour
pressure [10]. To explain this result, the authors pro-
pose that the morphologies form during the early stages
of spincoating and depend on the competition between
two phenomena: 1) The temperature gradient induced
by rapid solvent evaporation leads to Marangoni insta-
bilities which roughen the surface. 2) The solution is
driven to level in order to minimize the surface energy.
To describe the competition between these two effects,
the authors define the ratio between the levelling time
and evaporation time as [10]
Λ =
τlevel
τevap
∝ ηE
γρθm+1
, (2)
where η, E, γ and ρ are the viscosity, evaporation rate,
surface tension and density of the solvent. θ is the contact
angle of a drop of solution and m a positive exponent.
During the early stages of spincoating, the dilute solution
has a low viscosity and there is a competition between the
levelling of the surface and the formation of Marangoni
induced roughness. As solvent evaporates, the viscosity
increases and eventually the film ‘freezes’. If the film
vitrifies before the surface has time to level, the result-
ing film will be non-uniform. Increasing the evaporation
rate, reduces the time the film has to flatten before it vit-
rifies, which leads to rougher films. The authors note that
since evaporation rate increases with vapour pressure this
simple picture is consistent with their experiment results.
This model also explains the trend of increasing rough-
ness with increasing vapour pressure observed in [7]. Sim-
ilarly, the results shown in fig. 5(a) are consistent with
the ideas presented in [10]. Increasing the spincoating
temperature leads to more rapid solvent evaporation and
therefore rougher films. We also note that increasing the
spincoating temperature increases both surface tension
gradients and the temperature gradient across the poly-
mer solution while lowering the solution viscosity. There-
fore raising the spincoating temperature increases the
convection velocity and the driving force for Marangoni
instabilities. Thus, according to eq. 1 the incerease in
the amplitude is consistent with the increasing value of
M as the spincoating temperature is increased.
Finally, as mentioned in section a second mechanism
often used to explain the formation of spincoating insta-
bilities is crust formation. According to de Gennes [4, 5],
a solvent depleted region near the free surface results in a
solid skin or ‘crust’ which can rupture if it is sufficiently
thin leading to film thickness variations. For the crust
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FIG. 6. Optical microscopy images of films spin-cast from
solution of PS-PMMA with φ = 3.5 %. (a) Films spin-cast at
room temperature exhibit a flowering morphology. (b) Spin-
coating at T = 15◦C results in uniform films. The remaining
gradient in the intensity of the image is due to uneven illumi-
nation of the sample.
formation mechanism we expect the amplitude of the
thickness variations to increase with crust thickness and
there is no prediction for an emergent wavelength. In [4]
de Gennes shows that with increasing vapour pressure,
the crust thickness decreases. We note that since the
amplitude of the flowering pattern increases with tem-
perature and thus vapour pressure our results are not
consistent with the rupture of a crust leading to thick-
ness variations, which provides further evidence for the
Marangoni mechanism being dominant.
Cooling experiments
In the results presented above, we have examined how
increasing the spincoating temperature affects the wave-
length and amplitude of the flowering morphology. We
now present the results of experiments performed with
spincoating temperatures below room temperature. In
fig. 6 are shown optical microscopy images of two films
spin-cast from the same φ = 3.5 % solution of PS-PMMA,
one at room temperature, the other at T = 15◦C. For
the film spin-cast at room temperature, TRT ≈ 22◦C,
we observe a flowering morphology (fig. 6(a)). The film
spin-cast at T = 15◦C is uniform (fig. 6(b)). This ex-
periment was repeated with varying solution concentra-
tions of PS-PMMA and in each case it was found that
films spin-cast at room temperature had variations in the
thickness, while spincoating below room temperature re-
sulted in uniform films. This suggests that reducing the
spincoating temperature is a simple technique to combat
the formation of non-uniform spin-cast films.
This phenomenon is easily explained in the context of
the Marangoni effect. As discussed in section , the forma-
tion of convection cells depends on the balance between
surface tension and dissipation due to thermal diffusiv-
ity and viscosity. This balance is expressed in eq. (1)
by the Marangoni number. Spincoating at lower tem-
7peratures reduces the temperature gradient across the
solution caused by evaporative cooling. According to eq.
(1), M ∝ ∆T so lowering the spincoating temperature
decreases the Marangoni number. If the solution is suf-
ficiently cooled, the Marangoni number will fall below
the critical value, M < Mc, and the resulting film will
be flat. Furthermore, we can define the critical tempera-
ture, Tc as the onset temperature for Marangoni instabil-
ities. That is for spincoating temperatures, T > Tc, films
exhibit the flowering morphology but films spin-cast at
T < Tc are uniform. In fig. 5, Tc is defined by the inter-
section of the best-fit straight line with the T axis. For
the case of PS(183k) shown in fig. 5, Tc ≈ 34◦ is above
room temperature and uniform films can be spin-cast un-
der ambient conditions. We find that Tc is independent
of the molecular weight over the range studied (see Elec-
tronic Supplementary Material). However as shown in
fig. 6(a) PS-PMMA films spin-cast at room temperature
are non-uniform meaning Tc < TRT . However, by suffi-
ciently reducing the spincoating temperature such that
T < Tc, we are able to prepare uniform films, as demon-
strated in fig. 6(b).
CONCLUSION
In this work we have presented a systematic study
on the effect of temperature on the formation of non-
uniformities in spin-cast polymer films. The ‘flowering
morphology’ observed in our experiments consists of an
isotropic distribution of cells near the centre of the film,
which turn to radial striations in the thickness toward the
edge of the sample. We have measured the wavelength
and amplitude of the central region of the pattern as a
function of the spincoating temperature. We find a lin-
ear relationship between the wavelength and average film
thickness which suggests the formation of the flowering
morphology is driven by a Marangoni process.
Our results also show that the amplitude of the pattern
increases linearly with spincoating temperature. We are
able to explain this trend using the fact that evaporation
rate increases with spincoating temperature. At higher
temperatures the film has less time to flatten before vit-
rifying, which results in rougher films. This idea is con-
sistent with previous studies showing that films spin-cast
from more volatile solvents have rougher surfaces. Taken
together, the experimental data for the amplitude and
wavelength are well described by a Marangoni mechanism
and not consistent with the crust formation mechanism
discussed by de Gennes [4]. This is not to suggest that the
crust formation mechanism does not play a role, merely
that for the work discussed here the Marangoni mecha-
nism is dominant. Further experiments should consider
both mechanisms as the source of such surface structure.
Finally, we have presented a simple experimental tech-
nique to combat the formation of non-uniform films. By
spincoating films at lower temperatures we are able to
entirely avoid the formation of non-uniformities in the
film thickness. This result is easily explained using the
Marangoni effect. The Marangoni number is propor-
tional to the temperature gradient across the solution,
M ∝ ∆T . Spincoating at low temperatures decreases
the temperature gradient across the solution, therefore
decreasing the Marangoni number. If the sample is suf-
ficiently cooled, the Marangoni number will be lower
than the critical value required to form an instability
(M < Mc), and the resulting film will be uniform. We
emphasize that spincoating at cooler temperatures is easy
to implement, though care must be take to avoid conden-
sation of water from the air if spincoating in air. For our
experiments spincoating at low temperatures was per-
formed with a simple home-built setup; however, for an
athermal solvent the same effect can be achieved by plac-
ing the polymer solution in a cooled environment several
minutes prior to spinning. We are hopeful that this pro-
tocol may be useful in both research and industrial set-
tings where the formation of non-uniform spin-cast films
may be undesirable.
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9ELECTRONIC SUPPLEMENTARY MATERIAL FOR “CONTROLLING MARANGONI INDUCED
INSTABILITIES IN SPIN-CAST POLYMER FILMS: HOW TO PREPARE UNIFORM FILMS”
ADDITIONAL EXPERIMENTAL DATA
In the main text, we presented data primarily obtained from experiments performed with a φ = 2.5% solution of
PS(183k). Here we describe the results of additional measurements which probe the effects of solution concentration
and molecular weight on the flowering pattern morphology. In Table I is shown a complete list of the polymers used
for these experiments.
TABLE I. Polymers used and their molecular properties
polymer Mw (kg/mol) polydispersity
PS(8.8k) 8.8 1.10
PS(55.5k) 55.5 1.07
PS(96.5k) 96.5 1.04
PS(135.8k) 135.8 1.05
PS(183k) 183 1.06
PS(286k) 286 1.06
PS(451k) 451 1.10
PS(490k) 490 1.05
PS(758.9k) 758.9 1.03
PS-PMMA PS(105)-PMMA(106) 1.13
First we will present data from experiments where the solution concentration was at fixed at φ = 2.5% and the
molecular weight was varied. For each molecular weight films were spincast using the same experimental procedures
outlined in the main text at temperatures ranging from 15 ≤ T ≤ 60 ◦C. For each molecular weight the wavelength
was characterized as shown in Fig. 1 of the main text: we obtain both the wavelength and average film thickness as a
function of spincoating temperature which together give the wavelength as a function of average film thickness. For
each data set the wavelength is plotted as a function of average film thickness and the data is fit to a straight line
through the origin, as exemplified in Fig. 4(c) of the main text. In Fig. S1 is shown the slope of the best fit line
(dλ/dh) as a function of molecular weight. For all molecular weights we find that λ ≈ 0.5h.
For the experiments described above we also measured the amplitude as a function of spincoating temperature for
each molecular weight. From these data sets we are able to extract the critical temperature, Tc, as a function of
molecular weight (at a constant solution concentration φ = 2.5%) using the method shown in Fig. 5 of the main
text. The amplitude is plotted as a function of spincoating temperature and the data is fit to a straight line. The
extrapolation of the best fit line through the temperature axis gives Tc. Fig. S2 shows the critical temperature as a
function of molecular weight. We observe that within experimental error, Tc is independent of molecular weight. For
solutions of polystyrene with φ = 2.5 % the critical temperature is found to be Tc ≈ 31± 5◦C .
The observation that Tc is larger than room temperature is consistent with what is typically observed in experimental
laboratories. Spincoating polystyrene from toluene at room temperature results in flat films. The scatter in the data
can be attributed to variations in ambient temperature and humidity. Experiments were performed on different days
and slight variations in ambient conditions can effect properties such as the solvent evaporation rate. Despite our
best efforts we were unable to control for variations in ambient conditions.
From plots of the amplitude as a function of spincoating temperature (eg. Fig. 5 of the main text) we also extract
the slope of the best fit line. In Fig. S3 is shown the slope of the best fit line (dA/dT ) as a function of molecular
weight.
Finally we present the results of experiments probing the effect of solution concentration on the flowering morphol-
ogy. In Fig. S4 is plotted the amplitude as a function of temperature for films spincast from solutions of PS(183k)
with 1.5 ≤ φ ≤ 3%. We observe a reduction in Tc with increasing solution concentration. This data is consistent
with the common empirical observation that as film thickness increases it becomes more difficult to spin coat uniform
films [10, 19] under ambient conditions. We note that increasing the solution concentration results in thicker films
and we therefore expect a lower Tc for a more concentrated solution.
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FIG. S1. Measurements of dλ/dh as a function of molecular weight. For each molecular weight, dλ/dh is obtained by plotting
the wavelength as a function of average film thickness and fitting the data to a straight line through the origin (λ = mh) as
shown in Fig. 4(c) of the main text. We find m ≈ 0.5 for all molecular weights at a concentration of 2.5 % PS in toluene.
0 200 400 600 800
10
15
20
25
30
35
40
45
50
Mw
T
c
FIG. S2. Tc as a function of molecular weight. Each data point was obtained as follows. The amplitude of the flowering
pattern as a function of spincoating temperature was measured using imaging ellipsometry for temperatures ranging from
15 ≤ T ≤ 60 ◦C and the data was plotted as exemplified in Fig. 5 of the main text. From such plots, the extrapolation of
the best fit line through the temperature axis gives Tc. Tc ≈ 31 ± 5◦C for all of the molecular weights presented here at a
concentration of 2.5 % PS in toluene.
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FIG. S3. dA/dT as a function of molecular weight. The black line as an exponential and only intended as a guide to the eye.
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FIG. S4. Measurements of amplitude as a function of spincoating temperature for varying solution concentrations of PS(183k).
Tc decreases with increasing solution concentration.
